Background. In malaria-endemic settings, asymptomatic parasitemia complicates the diagnosis of malaria. Histidine-rich protein 2 (HRP2) is produced by Plasmodium falciparum, and its plasma concentration reflects the total body parasite burden. We aimed to define the malaria-attributable fraction of severe febrile illness, using the distributions of plasma P. falciparum HRP2 (PfHRP2) concentrations from parasitemic children with different clinical presentations.
and malaria parasites can be tolerated without development of symptoms [5, 6] . Community-based cross-sectional studies conducted in these settings typically show that >10% of children <5 years old are parasitemic by microscopy yet symptom free, with the prevalence varying by age, exposure to infection, transmission season, and other factors [7] [8] [9] [10] .
Commonly used case definitions of malaria rely on the presence of fever and detection of malaria parasites on peripheral blood films and thus lack specificity. In addition, symptoms of severe malaria are nonspecific and can have different etiologies [11] [12] [13] .
More-accurate case definitions for clinical or severe malaria are required for clinical management and research purposes. The specificity of a malaria case definition can be improved by using a parasite density threshold based on peripheral blood parasitemia [7, 14, 15] . This approach is useful as an epidemiological tool, but it lacks accuracy for clinical management. Peripheral blood parasitemia does not represent the sequestered parasite burden, which is pivotal to the pathophysiology of severe falciparum malaria. Asexual parasites in the second half of the erythrocytic stage of the life cycle effectively adhere to the endothelial lining of microcirculation vessels, which prevents detection of these parasites in peripheral blood films [16] .
Plasmodium falciparum histidine-rich protein 2 (Pf HRP2) is a parasite-derived water-soluble protein and is released in discrete amounts into the plasma, predominantly during schizont rupture [17] . Released PfHRP2 is distributed over the plasma volume and, therefore, the PfHRP2 concentration in plasma reflects the total body parasite burden, including the sequestered parasites. Studies involving Asian adults [18, 19] and African children [20, 21] show that, in contrast with the peripheral blood parasite density, the plasma PfHRP2 concentration correlates strongly with disease severity and outcome.
We hypothesized that the plasma PfHRP2 concentration, as a measure of the total parasite burden determining disease severity, can be used to define malaria-attributable disease in malaria-endemic regions where coincidental peripheral blood parasitemia is common.
In this study, we compared the distribution of peripheral blood parasitemia versus the plasma PfHRP2 concentration in healthy, rapid diagnostic test (RDT)-negative controls, in asymptomatic carriers, and in patients with uncomplicated or severe malaria and used this to estimate the malaria-attributable fraction of severe disease.
METHODS
The study was conducted in the rural lowlands of northeastern Tanzania. Peripheral blood slides and plasma PfHRP2 samples were collected in 1 community-based and 2 hospital-based studies in the neighboring districts of Handeni and Muheza, Tanga Region, that have similar intensities of malaria transmission [9, 22] .
Four clinical severity groups were defined: patients with severe malaria, patients with uncomplicated malaria, asymptomatic carriers, and healthy control subjects with negative results of an RDT.
Cases of severe malaria were identified in patients from the hospital-based studies, using modified clinical World Health Organization criteria that were confirmed by positive results of a parasite lactate dehydrogenase ( pLDH) RDT (OptiMAL-IT, DiaMed, Switzerland) and/or PfHRP2-based RDT (Paracheck, Orchid Biomedical, India). Severity criteria included decreased consciousness (coma or severe prostration), convulsions, respiratory distress or acidotic breathing, shock, severe symptomatic anemia (hemoglobin concentration <5 g/dL), and hypoglycemia (glucose concentration <2.5 mmol/L) [23] . Children with uncomplicated malaria, asymptomatic carriers, and healthy controls were identified in the communitybased study on the basis of results of a pLDH-based RDT (CareStart, Access Bio, United States). Uncomplicated malaria was defined by fever (axillary temperature ≥37.5°C), absence of severity criteria, and a positive result of a pLDH-based RDT [24, 25] . Asymptomatic carriers were defined as afebrile children (on the basis of their clinical history and an axillary temperature of <37.5°C at presentation) with a positive result of a pLDH-based RDT. Controls were afebrile children with negative results of a pLDH-based RDT.
In the community-based study, asymptomatic children were recruited between February and August 2008 in the context of the baseline screening for a randomized trial that assessed the effect of micronutrient supplementation on the incidence of uncomplicated malaria [25] . In 4 villages in Handeni District, all resident children aged 6-60 months were invited for the screening, and those with a height-for-age z score of ≤−1.5 SD, a weight-for-height z score of ≥−3 SDs, and a hemoglobin concentration of ≥7 g/dL were eligible to participate. Those who were unlikely to comply with interventions, whose parents/guardians refused to provide consent, or who had signs of severe or chronic disease on clinical examination were excluded.
In total, 246 of 612 children had a plasma sample and a RDT positive for P. falciparum. Of these, 177 were afebrile on examination and reported absence of fever within the past 48 hours. Slide results were available for 172 asymptomatic individuals, who were included in the present study (termed "group 2"). All parasitemic children at baseline were treated with an effective antimalarial (artemether-lumefantrine). We selected the first 60 consecutively enrolled RDT-negative children as controls (termed "group 1"), of whom 11 were subsequently excluded because they had a history of or current fever. Uncomplicated malaria cases were detected during the follow-up period of the trial. Parents were requested to bring study children to the clinic if their child developed a fever or became unwell. Of these, 285 randomly selected febrile children with a positive result of a pLDH-based RDT (termed "group 3") were included in the analysis (Figure 1) .
Severely ill parasitemic patients originated from 2 consecutive studies conducted at Teule Hospital (Muheza, Tanzania). The details of these studies have been published elsewhere [26, 27] . The first study assessed the causes of fever in 3639 febrile children admitted from June 2006 through May 2007 [26] . From this cohort, patients who had pathogens isolated by blood culture and a RDT positive for falciparum malaria, plus a random sample of patients with RDT-positive severe malaria but a negative blood culture result, were included in the analysis (termed "group 4"; n = 226). The second severe malaria group (termed "group 5") was part of a severe malaria treatment trial (AQUAMAT) conducted from February 2007 through July 2010 (n = 703) [27] . These subjects were also part of a separate report describing the prognostic value of plasma PfHRP2 levels among 3826 children across all AQUAMAT study sites [21] .
All 3 studies were approved by the Tanzania Medical Research Coordinating Committee. The community-based study was also approved by the Ethical Review Committee of Wageningen University. The hospital-based studies were also approved by the London School of Hygiene and Tropical Medicine and the Oxford Tropical Research Ethics Committee. In all studies, written informed consent was obtained from parents or guardians of each participating child.
Experienced microscopists at the National Institute of Medical Research Tanga laboratory in Korogwe, Teule Hospital ( Joint Malaria Programme), and the Mahidol-Oxford Tropical Medicine Research Unit in Bangkok read the malaria slides; the latter institution was also responsible for quality control. Parasitemia ( parasites/µL) was calculated from the thick film per 200 white blood cells (WBCs) and the actual WBC count or, if missing, assuming 8000 WBC/µL (count/ 200 WBC × 40) [28] . In the AQUAMAT study, parasitemia was calculated from thin film per 1000 red blood cells (RBCs) (count/1000 RBCs × 125.6 × Hct) [29, 30] .
Plasma PfHRP2 was assessed from freeze-thawed ethylenediaminetetraacetic acid plasma samples by a commercial sandwich enzyme-linked immunosorbent assay (ELISA) kit (Celisa, Cellabs, Sydney, Australia), according to the manufacturer's instructions, with minor modifications [18] . Reference plasma with a known PfHRP2 concentration was used to construct standard curves. Concentrations in diluted plasma dilutions were determined in duplicate according to the linear segment of the standard curve. Positive cases were defined as those in Figure 1 . Selection of study subjects. Abbreviations: Pf, Plasmodium falciparum; PfHRP2, P. falciparum histidine-rich protein 2; pLDH, parasite lactate dehydrogenase; RDT, rapid diagnostic test.
which duplicate derived concentrations were in agreement (ratio, 0.5-2) and the optical density relative to background was >3 SDs of the average background based on all plates.
Statistical Analysis
Data were analyzed with Stata, version 12 (StataCorp, United States). Parasite counts and PfHRP2 concentrations were normalized by log 10 transformation. Normally distributed or log 10 -normalized variables were compared using a Student t test, and the remainder were compared by the Wilcoxon rank sum test. PfHRP2 concentrations between blood-culture-positive patients and blood-culture-negative patients were compared according to PfHRP2 quintiles for patients with severe malaria (groups 4 and 5).
Modeling PfHRP2 Concentrations According to Diagnostic Group
Analysis of the observed PfHRP2 concentrations suggested distinctive distributions according to severity of P. falciparum infection ( Figure 2 ). In addition, the PfHRP2 concentrations observed in patients with clinically defined severe malaria suggested contributions of underlying plasma PfHRP2 distributions, as observed in RDT-negative controls, asymptomatic carriers, and patients with uncomplicated malaria (Figure 2 ), all representing severe illness with alternative causes. It was assumed that each diagnostic group (k) had a distinctive Weibull distribution of plasma PfHRP2 concentrations and that the observed plasma PfHRP2 distribution in the different clinical groups ( j) was a composite of these Weibull distributions. The diagnostic groups (k) consisted of healthy controls (k = 1), asymptomatic carriers (k = 2), patients with uncomplicated malaria (k = 3), and patients with severe malaria (k = 4). The diagnostic groups of uncomplicated and severe malaria, in contrast with the clinically defined groups, exclude patients with coincidental parasitemia. A mechanistic model was constructed to infer the most likely Weibull distributions in each diagnostic group (k), described by the coefficients α k and β k . The probability (P) that an individual (i) has a particular plasma PfHRP2 concentration (P[h ji ]) is then determined by the probability (m jk ) that this individual belongs to diagnostic group k.
Two different groups with clinical severe malaria were included in the model, of which one was partly selected on the basis of the concomitant presence of bacteremia (group 4; see above). The model was used to define the plasma PfHRP2-based malaria-attributable fraction in the unselected group of parasitemic patients with a clinical diagnosis of severe malaria (group 5). It differentiates severe malaria from the population with asymptomatic parasitemia and the population with uncomplicated malaria, who have severe disease of a different origin. The proportion of malaria-attributable disease (y), according to PfHRP2 concentration (h), is given by yðhÞ ¼ 100m 51 for h ¼ 0
that is, for each value of plasma PfHRP2 concentration (h), the malaria-attributable fraction of severe disease is m 54 W (α 5 ,β 5 ) divided by the total number of individuals with the same PfHRP2 concentration (h) predicted by the model as
The parameters were estimated by implementing a mixture model within WinBUGS [30] . Three chains were run, for a burn-in of 5000 iterations, followed by a further 5000 iterations to obtain posterior distributions. The model parameters were estimated with 95% credible intervals (CIs). Sensitivity was calculated using the model-derived number of patients with severe malaria as a reference.
RESULTS

Subject Characteristics
We analyzed data from 49 healthy RDT-negative controls (group 1), 172 children with asymptomatic parasitemia (group 2), 285 patients with uncomplicated malaria (group 3), and 226 patients (group 4) and 703 patients (group 5) with clinical severe malaria ( Figure 1 ). Microscopy findings were negative in all RDT-negative controls, except for 1 child (145 parasites/µL). Baseline clinical and laboratory characteristics according to malaria clinical group are summarized in Table 1 . Children with severe malaria were younger than children with uncomplicated malaria (P < .0001) or asymptomatic parasitemia (P < .0001) and also had lower hemoglobin concentrations (P < .0001). Admission characteristics and outcomes of patients with severe malaria (groups 4 and 5) are summarized in Table 2 . PfHRP2 concentrations were detectable in 8 of 49 healthy pLDH negative controls (16%), 156 of 172 asymptomatic patients (91%), 269 of 285 patients with uncomplicated malaria (94%), and 222 of 226 patients (98%; group 4) and 698 of 703 patients (99%; group 5) with severe malaria (Table 1 ). The distributions of peripheral blood parasitemia and PfHRP2 concentrations according to clinical groups are displayed in Figure 2 . Plasma PfHRP2 concentrations were associated with the severity of P. falciparum infection, whereas peripheral blood parasitemia was not.
Plasma PfHRP2-Based Malaria-Attributable Disease in Parasitemic Severe Febrile Illness
The observed PfHRP2 distributions in the clinical groups were modeled as a composite of the PfHRP2 distributions of the contributing diagnostic groups (Figure 2) .The model-derived parameter estimates for m jk denoting the probability that an individual from clinical group j = 1-5 belongs to diagnostic groups k = 1-4 are given in the Supplementary Materials. From these parameter estimates, the predicted distributions were fitted to the observed distributions and used to derive malaria-attributable proportions according to the log 10 plasma PfHRP2 concentration in the unselected clinical group of severely ill parasitemic children (group 5; Figure 3 ). This shows Data are no. (%) of children, mean ± SD, or median (interquartile range), unless otherwise specified.
Abbreviations: CI, credible interval; NA, not available; P. falciparum, Plasmodium falciparum; PfHRP2, P. falciparum histidine-rich protein 2; RDT, rapid diagnostic test. a Data were missing for 7 children in group 4 and 1 child in group 5.
that PfHRP2 levels of >1000 ng/mL correspond to a malariaattributable fraction of 99% (95% CI, 96%-100%), with a sensitivity of 74% (95% CI, 72%-77%). The proportion of malaria-attributable disease declined at lower PfHRP2 concentrations. Below 200 ng/mL, an alternative diagnosis than malaria was suggested in >10% (95% CI, 3%-27%) of patients, whereas this proportion increased to >50% (95% CI, 31%-67%) at concentrations of <50 ng/mL.
Blood Cultures
Blood culture results were positive among 83 patients with severe malaria (Table 2) , and based on the sample selection criteria, this proportion was higher in group 4. Patients with a positive blood culture result were overrepresented in the lowest and highest plasma PfHRP2 quintiles (Figure 4 ). Of 90 patients with a PfHRP2 concentration below the threshold of 200 ng/mL, 16 (18%) had positive blood culture results.
DISCUSSION
This study shows a clear stepwise increase in plasma PfHRP2 concentrations according to disease severity from asymptomatic parasitemia, to uncomplicated malaria, to severe malaria. There was substantially less overlap in the distributions of plasma PfHRP2 concentrations between groups as compared to the distributions of peripheral blood parasitemia. The distinct distributions between diagnostic groups enabled us to model the proportion of malaria-attributable disease on the basis of plasma PfHRP2 level at admission and to distinguish this from patients with coincidental peripheral blood parasitemia in whom severe disease is caused by an alternative disease. The PfHRP2-based model performed better than a previously described model that was based on peripheral blood parasitemia [15] . The proportion of malaria-attributable disease dropped to <50%, with a sensitivity of >99% at plasma PfHRP2 concentrations of <50 ng/mL, in which case additional diagnostic tests are indicated to identify alternative diseases. The current model also accurately identified patients with a very high probability of severe malaria, with acceptable sensitivity. A threshold of 1000 ng/mL defined a population of patients with severe malaria not diluted by patients with coincidental parasitemia (<1%), which is mainly useful for defining a study population in a research setting, but is also useful for the treating clinician. A low plasma PfHRP2 concentration in a parasitemic patient with severity signs should not result in withholding of treatment with antimalarials, but should prompt the treating physician to look for other possible diseases, depending on the clinical presentation and resources (eg, blood culture, lumbar puncture, chest radiograph, and computed tomography of the cerebrum). In African settings, were diagnostic facilities are scarce and treatment stockouts occur, the PfHRP2 concentration can also help to prioritize these resources. A previous study reported the strong prognostic significance of plasma PfHRP2 level for death in a large cohort of African children with severe malaria and modelled the malaria attributable fraction in fatal cases [21] . The current study enabled a more accurate definition of the probability of nonmalarial disease at low plasma PfHRP2 concentrations by incorporating children with asymptomatic parasitemia and uncomplicated malaria. It is reassuring that the identified plasma PfHRP2 thresholds denoting high or low probabilities of alternative disease were highly consistent between these studies, which used different modeling techniques.
Our findings are supported by 2 recent studies involving African children. A small study among Tanzanian children showed a mean PfHRP2 value of 1008 ng/mL in patients with cerebral malaria, compared with a PfHRP2 concentration of 443 ng/mL in patients with uncomplicated malaria [20] . The diagnostic potential of the plasma PfHRP2 concentration in pediatric cerebral malaria was also confirmed in a Malawian study, where the presence of malarial retinopathy was used as the reference test [32] . In contrast, 2 other studies in moderate-to-high transmission settings reported that the PfHRP2 concentration does not reflect severity in children. In Papuan children, the median PfHRP2 concentrations in uncomplicated and severe malaria were similar (584 vs 456 ng/mL) [33] . (9) 111 ( However, the case-fatality rate in the severe malaria group was <1%, suggesting moderately severe malaria in accordance with the low PfHRP2 concentrations reported. A small study involving 22 Kenyan children with severe malaria reported low median PfHRP2 concentrations of 63 ng/mL with absence of decay over 48 hours, which could be related to problems in the PfHRP2 assay [34] . The prognostic usefulness of plasma PfHRP2 concentration is in line with previous reports involving adult populations. A study among Thai adults showed a similar stepwise increase in plasma PfHRP2 levels that was associated with disease severity [18] . In Indonesian adults, the mean PfHRP2 value among patients with severe malaria was 1863 ng/mL, compared with 314 ng/mL among patients with moderately severe malaria [19] . In both studies, the plasma PfHRP2 concentration was prognostic for a fatal outcome. This is the first study to assess PfHRP2 concentrations in healthy asymptomatic children in a moderate-to-high transmission area. Parasite densities that can be tolerated without causing symptoms vary substantially between individuals of different age groups, transmission intensities, and seasons [10, 15, 35, 36] . In moderate-to-high transmission settings, children aged <5 years represent a heterogeneous group with regard to levels of immunity. This is reflected by the younger age of children with severe malaria and by the older age of asymptomatic children, of whom 13 of 172 (8%) had parasite densities of >10 000 parasites/µL. Similarly high parasite densities have been reported in cross-sectional surveys in settings with moderate-to-high malaria transmission [15, 35] . The accuracy of PfHRP2 concentration thresholds for defining malariaattributable disease will vary with the level of acquired immunity in the population, because this factor determines the relative sizes of populations with asymptomatic parasitemia, compared with populations with uncomplicated or severe malaria, and thus determines the corresponding overlap of plasma PfHRP2 distributions. The model prediction as a function of transmission intensity will be explored in a separate study. In addition, the prevalence of bacteremia will also affect the size of the population of individuals who have asymptomatic parasite infections or uncomplicated malaria but present with severe illness. Indeed, in the current study, selection of patients with a positive blood culture result (group 4) resulted in a relatively higher proportion of parasitemic patients with severe illness due to diseases other than malaria.
Detection of malarial retinopathy by fundoscopy is an alternative diagnostic tool that has been evaluated for its ability to distinguish children with cerebral malaria from encephalopathic children with coincidental parasitemia [37] [38] [39] [40] . In the African setting, this has only been evaluated in comatose patients and requires considerable expertise and training and appropriate equipment. In comparison, the plasma PfHRP2 concentration is positively associated with the entire clinical severity spectrum of P. falciparum infection. In this study, plasma PfHRP2 was assessed by a quantitative ELISA. Our findings call for the development of a low-cost semiquantitative rapid test for the detection of plasma PfHRP2 at suitable thresholds.
Positive blood culture results, particularly those for gramnegative organisms, were overrepresented among patients within the lowest and highest PfHRP2 concentration quintiles.
Blood cultures are known to have a limited sensitivity (around 40%) for detecting bacteremia [41] . The actual number of bacteremic patients could thus be 2.5-fold higher than detected, implying an actual proportion of bacteremic patients close to 50% among patients with a plasma PfHRP2 concentration of <200 ng/mL (2.5 times the observed proportion of 18%). This would be consistent with results from a Malawian autopsy series, in which invasive bacterial infection was reported as the cause of death in 4 of 7 parasitemic patients (64%) with an alternative diagnosis [42] . Positive blood culture results for patients with high PfHRP2 concentrations indicate concomitant bacteremia during severe malaria. There are several mechanisms that may explain this high rate of concomitant bacteremia, including a reduction in gut barrier function due to intense sequestration [43] , which facilitates translocation of gut bacteria, or general immunosuppression due to macrophagocytic dysfunction induced by hemozoin and heme-oxygenase 1 [44] [45] [46] . Severe malarial anemia is particularly associated with invasive bacterial disease, mainly non-typhi Salmonella bacteremia [47] . P. falciparum infection predisposes to gramnegative bacteremia and can account for more than half of invasive bacterial disease in malaria-endemic areas [48] . Our data show that bacteremia contributes to severe illness but also occurs concomitantly in patients with severe malaria, warranting the use of broad-spectrum antibiotics in addition to prompt antimalarial treatment, preferably with parenteral artesunate.
The current study has several limitations. This is a retrospective analysis of pooled data sets. Patients with severe malaria in group 5 were also included in a previous publication on the prognostic value of PfHRP2 concentration. Patients with severe malaria in group 4 were partly selected on the basis of blood culture positivity. However, patients were selected on the basis of clinical criteria and RDT results and not on the basis of PfHRP2 concentrations, and the PfHRP2 distributions in both severe malaria groups were similar. In patients with low parasitemia, the sensitivities of the peripheral blood slide and the RDT are relatively low, which could have affected the composition of the clinical groups.
In conclusion, our study shows that the plasma PfHRP2 concentration can be used to estimate the proportion of malaria-attributable disease in African children in moderateto-high transmission settings and can distinguish severe malaria from severe febrile illness with coincidental peripheral blood parasitemia. Bacteremia is prominent among patients with severe illness and low plasma PfHRP2 concentrations, suggesting that malaria may not be their primary diagnosis. Bacteremia is also more frequent among patients with high plasma PfHRP2 concentrations, denoting concomitant sepsis with severe malaria, which implies that administration of antibiotics is warranted for all patients with a clinical diagnosis of severe malaria. 
